It is reported (Shear et al, Photochem.Photobiol. 65, 931 (1997) ) that multiphoton near infrared excitation of 5-hydroxytryptophan results in a transient product with green fluorescence. Visible fluorescence from multiphoton excitation enables detection of 5-hydroxytryptophan with extremely high sensitivity and also has potential applications in imaging of biological systems and investigation of protein dynamics. The characteristic fluorescence at 500 nm has now also been observed on one-photon photolysis of solutions at 308 nm, followed by excitation of fluorescence at 430 nm. Fluorescence was observed in aerated and deaerated solutions and in the presence of ascorbate. Enhancement of fluorescence was observed on addition of ethanol. Transient absorption experiments with 308 nm photolysis showed the formation of three transient species. In the presence of ascorbate the radical formed by photoionisation was removed, revealing a long-lived species (  > 1 ms) with a similar absorption spectrum, which is ascribed to the fluorescing species. Fluorescence induced by multiphoton excitation had a lifetime of 910 ± 10 ps and was also unaffected by ascorbate. In the presence of organic solvents there was an increase in fluorescence lifetime, but a decrease in overall fluorescence intensity. The fluorescence intensity and fluorescence lifetime both decreased in acidic solution (pH < 3). It is suggested that the fluorescence originates not from the 5-indoxyl radical, but from a transient product formed by intramolecular rearrangement.
ABSTRACT
It is reported (Shear et al, Photochem.Photobiol. 65, 931 (1997) ) that multiphoton near infrared excitation of 5-hydroxytryptophan results in a transient product with green fluorescence. Visible fluorescence from multiphoton excitation enables detection of 5-hydroxytryptophan with extremely high sensitivity and also has potential applications in imaging of biological systems and investigation of protein dynamics. The characteristic fluorescence at 500 nm has now also been observed on one-photon photolysis of solutions at 308 nm, followed by excitation of fluorescence at 430 nm. Fluorescence was observed in aerated and deaerated solutions and in the presence of ascorbate. Enhancement of fluorescence was observed on addition of ethanol. Transient absorption experiments with 308 nm photolysis showed the formation of three transient species. In the presence of ascorbate the radical formed by photoionisation was removed, revealing a long-lived species (  > 1 ms) with a similar absorption spectrum, which is ascribed to the fluorescing species. Fluorescence induced by multiphoton excitation had a lifetime of 910 ± 10 ps and was also unaffected by ascorbate. In the presence of organic solvents there was an increase in fluorescence lifetime, but a decrease in overall fluorescence intensity. The fluorescence intensity and fluorescence lifetime both decreased in acidic solution (pH < 3). It is suggested that the fluorescence originates not from the 5-indoxyl radical, but from a transient product formed by intramolecular rearrangement.
INTRODUCTION
Multiphoton excitation of chromophores in biological imaging 1, 2 and quantitative fluorescence measurements 3 reduces background luminescence and has the potential to increase sensitivity and selectivity. Multiphoton excitation is usually used to excite the same fluorescent species as normally obtained under conventional one photon ultraviolet or visible illumination. In the case of 5-hydroxytryptophan (5HT), multiphoton excitation with the output of a Ti-sapphire laser in the region of 720 to 800 nm gives rise to an additional luminescent signal with a maximum at about 500 nm (described as "hyperluminescence"), compared with the normal UV-excited fluorescence of 5HT at around 340 nm 4 . This visible has allowed as little as 70 zmol of 5HT to be detected , and which has also been studied by pulse radiolysis [10] [11] [12] [13] . In neutral solutions the 5-indoxyl radical has an absorption maximum at 410-420 nm 10, 13 , consistent with two-photon excitation of hyperluminescence by ca. 800 nm laser pulses.
In the present experiments we have attempted to characterise the fluorescence from photoexcited 5HT using both one-photon and multiphoton excitation. The results suggest that the fluorescence does not arise from the 5-indoxyl radical.
MATERIALS AND METHODS
5-Hydroxytryptophan and other chemicals were obtained from Sigma-Aldrich and used as received. Solutions were prepared in water purified by ion-exchange and filtration in a Barnstead unit, and buffered to the indicated pH values with phosphate or HCl.
The fluorescence induced by one-photon excitation (OPE) of 5-HT was measured using a pump-probe technique with the same apparatus as previously employed in nanosecond timeresolved resonance Raman experiments 14 . Photochemically-generated transients in 5HT
solutions were produced by a 308 nm pump pulse (ca. 1 mJ, 10 ns) from a XeCl laser (Lumonics). This was followed after a set time interval by a 430 nm probe laser pulse (ca. Pulse radiolysis experiments were performed using the linac (10 MeV, 500 ns electron pulses) at the Facility for Free Radical Research at the Daresbury Laboratory (FFRR@DL).
Transient species were detected by time-resolved absorption pectroscopy in the UV/visible region.
RESULTS AND DISCUSSION

1) Fluorescence from one-photon excitation (OPE)
At neutral pH, 5HT has a significant absorption at < 320 nm, and may therefore be excited by the 308 nm output of a XeCl excimer laser. Fluorescence spectra recorded from onephoton excitation of a deaerated solution of 5HT at pH 7 are shown in Figure 1 from 5HT. Figure 1 shows that in the pump-only experiment, curve A, fluorescence is generated with a peak at ca. 500 nm. The additional fluorescence at < 450 nm is believed to be the red tail of the of the normal fluorescence of 5HT, which has a peak at ~340 nm. An increase in luminescence intensity was observed when the sample was subsequently illuminated after a short time delay with a second laser pulse at 430 nm (the 'probe' pulse). At a time delay of only 10 ns between pump and probe laser pulses, curve B, slightly increased fluorescence is observed to result from the 430 nm excitation. Increasing the time delay to 1 s (curve C) and 100 s (curve D) results in further increase in the 500 nm fluorescence. The inset to Figure 1 shows that the increase in fluorescence intensity at 500 nm with delay between pump and probe pulses occurs with a time constant ( ) of 3.5 s. Curve E in Figure   1 shows the emission resulting when the pump laser is turned off and the sample receives only the 430 nm pulse. Under these conditions only a weak and relatively much narrower peak at 504 nm is observed. This peak clearly corresponds to the Raman band of the water solvent 15 at 3400 to 3450 cm -1
. Table 1 shows the fluorescence intensities at 500 nm under a range of conditions. With the sample irradiated only with the pump laser (308 nm) pulse there was no difference between solutions saturated with oxygen or deoxygenated with argon. A similar situation was found with the pump (308 nm) laser pulse followed by a probe (430 nm) laser pulse delayed by only 10 ns. However the presence of oxygen decreased the fluorescence intensity by 15 % when the delay between pump and probe laser pulses was increased to 200 s. The presence of ascorbate in the 5-hydroxytryptophan solutions at concentrations up to 4 mmol dm -3 was found to have no effect on the fluorescence intensity. The intensity of the 500 nm fluorescence was also measured in an ethanol/water (50:50 v/v) mixture with a pump to probe delay of 50 s and found to be 1.9 times higher than in water alone.
Fluorescence from multiphoton excitation (MPE)
a) Excitation and emission spectra. Spectra from multiphoton excitation of 5HT were recorded in a number of solvents. The excitation spectrum of an aqueous solution of 5HT (10 mmol dm ). With both solutes there was no significant quenching of fluorescence intensity or reduction in fluorescence lifetime.
Laser flash photolysis
Laser flash photolysis with a 308 nm laser pulse was used to investigate the species formed on photoexcitation. The results are shown in Figure 6 . In deaerated solution a short-lived transient ( ~1 s) is observed which has increasing absorbance towards the red end of the spectral range investigated and which is quenched in the presence of air. This is clearly the hydrated electron and indicates that, at least in part, photoexciation leads to photoionisation.
The data in Figure 6 for air-saturated solutions shows the formation of another species absorbing at ~360 nm which decays with a lifetime of about 5 s. The remaining spectrum at 100 s shows a peak at 410-420 nm. This is very similar to the spectrum of the 5-indoxyl radical from 5HT at neutral pH observed by pulse radiolysis 10, 13 and confirmed by us in our own pulse radiolysis experiments on oxidation of 5HT by the Br 2 -. radical at pH 7 (results not shown). In the laser flash photolysis experiments it was found that in air-saturated solution in the presence of ascorbate there was a partial decay of the 410-420 nm peak (inset to Figure   6 ) and that with 5 mmol dm -3 ascorbate approximately half the absorption remains after the initial decay. The remaining spectrum also has a peak at about 400 nm, but is relatively more intense at 360 nm where the ascorbate radical absorbs 16 . A plot of the first order rate for the partial decay of the 410 nm transient produced by laser flash photolysis versus ascorbate concentration ( Figure 7) gives a second order rate constant of (7.1 ± 0. . Given that determination of second order rate constants are subject to overall uncertainties of 15-20%, the two rate constants measured in the laser flash and pulse radiolysis experiments are essentially the same.
DISCUSSION
The formation of a transient fluorescent species upon photo-excitation of 5-hydroxytryptophan has been studied by nanosecond laser photolysis and by femtosecond near-infrared laser multiphoton excitation. Very similar fluorescence spectra from an unknown transient product were measured using both methods, suggesting that the same species is produced by one photon at 308 nm and multiphoton absorption within the sub-picosecond ca. 750 nm laser pulse. The nanosecond experiments therefore might be used to explore the nature of the transient fluorophore. Nanosecond laser photolysis with 308 nm laser pulses produces fluorescence with a peak at 500 nm. Since this fluorescence is not observed in the same solutions using a conventional fluorimeter, it suggests that an intense 308 nm laser pulse may It is known that the 5-indoxyl radical from one-electron oxidation of 5-HT absorbs at 400-420 nm in neutral aqueous solution 10, 13 . The radical has shown to be produced by laser flash photolysis at 308 nm in neutral solution (present work) and at 248 nm in alkaline solution . The one-electron reduction potential (E 1 ) of the 5-indoxyl radical from 5HT has been measured as 208 mV at pH 13.5 11 and 550 mV at pH 9.1 9 and is consistent with rapid reduction of the 5-indoxyl radical by ascorbate (E 1 (pH 7) = 300 mV) 11 . In the pump-probe nanosecond laser experiments it was found that ascorbate at concentrations up to 4 mmol dm -3 had no effect on the fluorescence intensity at ) with that for reaction with ascorbate.
Recently it has been shown that mercaptoethylamine sharply decreases hyperluminescence from 5-hydroxytryptamine 19 . This is claimed to be supporting evidence for the 5-indoxyl radical as the species responsible for hyperluminescence. Whilst mercaptoethylamine may be a quencher of some types of radicals and singlet oxygen, in the present case this is unlikely. It is known 20 that the reduction potential of aliphatic thiyl radicals are ca. 1300 mV at pH 6.
Comparison with the reduction potential for the 5-indoxyl radical indicates that repair of the 5-indoxyl radical by mercaptoethylamine is thermodynamically extremely unlikely. Indeed, the reverse reaction has been demonstrated in which a thiyl radical causes the rapid oxidation of acetaminophen 21 , a compound structurally related to 5HT and which has a similar oxidation potential.
A further remaining possibility is that the fluorescent species results from photochemical conversion of the short-lived singlet state to a covalently rearranged product. This would account for the fluorescence species being produced and excited within the 10 ns, 308 nm laser pulse, but does not explain why the additional fluorescence excited by the probe laser pulse at 430 nm continues to grow in intensity with increasing time delay between the two pulses. Further work is required to study the time course of evolution of the fluorescence species under better-defined conditions, such as in the conventional laser flash photolysis experiment. Additional structural information provided by other detection techniques such as time-resolved resonance Raman spectroscopy might also prove useful.
The 500 nm hyperluminescence induced by multiphoton infrared absorption has been shown to be an extremely sensitive method for the detection of 5-hydroxytryptophan and related Also shown is the laser profile (impulse response function, IRF) determined by the apparatus. The curves have been offset vertically for clarity.
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